We have reported that tumor necrosis factor (TNF)-S in skeletal muscle is one of the determinants of insulin resistance and that the renin-angiotensin system may be related to the regulation of TNF-S in skeletal mus- 
Introduction
Recently, insulin resistance (IR) and hyperinsulinemia have been shown to be common findings in patients with essential hypertension, diabetes mellitus, or hyperlipidemia ( 1 ). These impairments of glucose metabolism are thought to be associated with each other and to play a role in the development of arteriosclerosis and cardiovascular diseases ( 2 , 3 ) . IR has been reported in several animal models of hypertension, including spontaneously hypertensive rats ( 4 ) and fructosefed rats (FFR). In FFR, it has been shown that a diet of fructose induces a decrease in insulin sensitivity and an increase in blood pressure (BP) ( 5 ) . Skeletal muscle is thought to be a major regulator of systemic insulin sensitivity. Euglycemic hyperinsulinemic glucose clamp studies have demonstrated that skeletal muscle accounts for over 80% of glucose disposal under hyperinsulinemic conditions in humans. Lesions of atherosclerosis occur mainly in large and medium-sized elastic and muscular arteries and can lead to ischemia of the heart, brain or extremities, resulting in infarction. Recently, Ross hypothesized that one of the mechanisms by which atherosclerosis occurs involves cytokines derived from monocytes and T lymphocytes ( 6 ) .
Tumor necrosis factor (TNF)-α is a multipurpose cytokine that modulates immune functions, induces apoptotic cell death ( 7 ) and lysis of tumor cells ( 8 ) , and stimulates production of other cytokines ( 9 ) . Recent studies have suggested that TNF-α mediates IR by suppressing insulin signal transduction; TNF-α induces enhancement of serine phosphorylation of insulin receptor substrate (IRS)-1, resulting in inhibition of IRS-1 tyrosine phosphorylation by insulin. TNF-α is expressed in both adipose tissue and skeletal muscle, and many animal models of obesity and IR have been shown to have significantly higher TNF-α mRNA and protein levels than those in lean controls ( 9 ) . We recently reported that IR and hypertension in FFR were concomitant with an increase in TNF-α in skeletal muscle and that an angiotensin II type 1 receptor blocker (ARB) decreased skeletal muscle TNF-α and improved IR in FFR ( 10 ) . However, the relationship between IR and the mechanism of the regulation of TNF-α is not clear.
Recent studies have shown that cyclic adenosine monophosphate (cAMP) inhibits the release of TNF-α in human vascular smooth muscle, monocytes and hepatocytes ( 11 − 13 ) . However, there have been no reports of the involvement of cAMP in the regulation of TNF-α in skeletal muscles. To evaluate the effects of angiotensin II on insulin resistance in skeletal muscle, TNF-α and cAMP were investigated simultaneously.
Methods

Study-1: Measurement of BP, Pulse Rate (PR) and Insulin Sensitivity in FFR
Six-week-old male Sprague-Dawley rats (Charles River Japan Inc., Yokohama, Japan) were used for the experiments. The care of the animals was in strict accordance with the guiding principles of the Physiological Society of Japan. Before any manipulation, all rats were fed standard rat chow containing 60% vegetable starch, 5% fat and 24% protein (Oriental Yeast Co., Tokyo, Japan). They were maintained on a 12-h light/dark cycle and chow ad libitum . The rats were acclimated to handling before randomization and then divided into two groups at the start of the study: those fed standard chow (SD group, n = 8) or those fed fructose-rich chow containing 60% fructose, 5% fat and 24% protein (#78463; Teklad, Madison, USA) (FFR group, n= 23) for 6 weeks. The latter group of rats was treated either with 0.1 mg/ kg/day of olmesartan medoxomil, an ARB, in 2.5% gum arabic solution (FFR+olmesartan, n= 9) or with a vehicle (2.5% gum arabic solution) (FFR, n= 14), and controls were treated with the same vehicle, by gavage, for the last 2 weeks.
BP and PR Measurement
Systolic blood pressure (SBP) and PR were measured in all conscious rats using the indirect tail-cuff method. The averages of six such recordings were taken as the individual SBP and PR. Results obtained using this method were highly correlated with direct measurements.
Euglycemic Hyperinsulinemic Glucose Clamp Technique
At the end of the treatment period, rats were anesthetized with sodium pentobarbital (50 mg/kg intraperitoneally). The left common carotid artery and the left jugular vein were exposed and then cannulated with a polyethylene tube (PE50; Becton Dickinson and Co., Sparks, USA) for collecting blood samples and for administration of the infusate. After overnight fasting (approximately 12 h), each rat was placed in a foam plastic jacket that allowed movement of all four limbs and forward vision. At the start of the clamp, fasting blood glucose (FBG) was measured, and the initial load of insulin (25 mU/kg of Humalin R, U-40; Shionogi Pharmaceutical Co., Osaka, Japan) was infused by a bolus, followed by an infusion of insulin at a rate of 4 mU/kg/min for 154 min. During the clamp, 12.5% glucose solution was infused as needed to maintain blood glucose at the preinfusion level. Ten microliters of arterial blood was sampled at 7-min intervals for deter- mination of blood glucose. The average of the rate of glucose infusion for the last 35 min was taken as the index of insulin sensitivity ( M value) of each rat.
Study-2: Measurement of TNF-S and cAMP in the Soleus Muscle in FFR
Biochemical Measurements of TNF-α and cAMP
Based on the results of Study-1, we prepared another three groups (SD, n = 7; FFR, n = 9; FFR +olmesartan, n = 7), for measurement of TNF-α and cAMP. Rats were anesthetized intraperitoneally with sodium pentobarbital (50 mg/kg) and perfused with 150 ml of sterile saline through the apex of the left ventricle, and then the soleus muscles were dissected immediately. The soleus muscles were weighed and frozen in liquid nitrogen. TNF-α and cAMP were investigated simultaneously.
To measure TNF-α , the muscles were homogenized with a Polytron (Kinematica, Luzern, Switzerland) in ice-cold 0.1 mol/l Tris-HCl buffer (pH 7.6) containing 1 mol/l NaCl, 2% low endotoxin, fatty acid free bovine serum albumin (BSA; Sigma Co., St. Louis, USA), 2 mmol/l ethylenediaminetetraacetic acid (EDTA disodium salt), 80 trypsin inhibitory units of aprotinin/l and 0.02% NaN 3 (buffer A) at 15% wet tissue wt/vol. The solution was centrifuged at 13,500 × g for 30 min, and the supernatant was subjected to a TNF-α assay ( 14 ) . TNF-α was measured with a rat ELISA kit (Biosource International, Camarillo, USA).
To measure cAMP, the remaining soleus muscles were homogenized with 0.5 ml acidic ethanol (1 mol/l HCl:ethanol, 1:100). Homogenates were transferred to eppendorf tubes and centrifuged at 12,000 × g for 15 min. The supernatant solutions were combined and evaporated to dryness under a stream of nitrogen at 55 ° C. The residue was dissolved in 50 mmol/l Tris and 4 mmol/l EDTA buffer (pH 7.5) and then frozen at -20 ° C until assayed. The volume of buffer (0.1 to 2.0 ml) for dissolving the residue was selected so that a 50-μ l aliquot of the sample would fall within the range of maximum sensitivity (0.5 to 4.0 pmol) for the cAMP assay. cAMP was assayed using a commercial protein-binding kit (Amersham, Arlington Heights, USA). Except for bovine insulin (Calbiochem, San Diego, USA), all chemicals were obtained from Sigma ( 15 ).
Study-3: Effects of cAMP on Regulation of TNF-S in the Soleus Muscle
Six-week-old male Sprague-Dawley rats were anesthetized with sodium pentobarbital and perfused with 150 ml of sterile saline through the apex of the left ventricle, and then the soleus muscles were cut longitudinally into small strips (25 − 35 mg/strip) under sterile conditions ( 16 ) . After dissection, the soleus muscle strips were immediately pre-incubated in 1 ml of Dulbecco's modified Eagle's medium (DMEM; GIBCO BRL, Life Technologies, Inc., Rockville, USA) containing 2% BSA and then incubated in 1 ml DMEM containing 2% BSA with 0.1 mmol/l dibutyryl cAMP (dBcAMP) as a cAMP analogue, or without dBcAMP, for 4 h. The medium was then subjected to a TNF-α assay.
Statistical Analysis
All data are expressed as the means ± SEM. Data were statistically analyzed with one-way analysis of variance (ANOVA) followed by Fisher's PLSD test for multiple comparisons. Regression analyses were used to compare the relationship B.
Fig. 2. A: Comparison of TNF-α levels in the soleus muscle. B: Comparison of cAMP levels in the soleus muscle. Values are the means ± SEM. SD, Sprague-Dawley rats ( n = 7); FFR, fructose-fed rats ( n = 9); FFR +olmesartan, fructose-fed rats treated with olmesartan for 2 weeks (n= 7).
between TNF-α and cAMP. Values of p< 0.05 were considered to indicate statistical significance.
Results
Study-1
As shown in Table 1 , SBP in FFR was significantly higher than that in the control rats, and olmesartan significantly lowered SBP in FFR. There were no significant intergroup differences in body weight, PR, and FBG. As shown in Fig. 1 
Study-2
As shown in Fig. 2a , TNF-α in the soleus muscle increased significantly in FFR compared to that in control rats (242±81 pg/g wet tissue and 503±41 pg/g wet tissue in the controland FFR groups, respectively, p< 0.05). Olmesartan significantly lowered TNF-α in the soleus muscle (220±23 pg/g wet tissue in the FFR +olmesartan group, p< 0.05).
As shown in Fig. 2b , cAMP in the soleus muscle decreased significantly in FFR compared to that in control rats (195±48 fmol/μg protein and 138±19 fmol/μg protein in the control and FFR groups, respectively, p< 0.05). Olmesartan significantly increased cAMP in the soleus muscle (186±66 fmol/ μg protein in the FFR+olmesartan group, p< 0.05). The cAMP level was significantly correlated with the TNF-α level in the soleus muscle (Fig. 3) .
Study-3
dBcAMP significantly decreased the secretion of TNF-α from the soleus muscle in SD rats (2.5±2.8 pg/ml/4 h and 34.1±3.3 pg/ml/4 h for incubation with or without 0.1 mmol/ l dBcAMP, respectively, p< 0.001) (Fig. 4) .
Discussion
This study confirmed previously reported results showing that feeding healthy rats fructose-rich chow results in IR and hypertension. Skeletal muscle TNF-α is associated with IR (9). Treatment with olmesartan resulted in recovery of the M value in FFR. We demonstrated that olmesartan significantly increased cAMP and lowered skeletal muscle TNF-α. The cAMP level was significantly correlated with the TNF-α level in FFR. Several possible mechanisms of IR have been proposed. These mechanisms include sympathetic nerve and renin-angiotensin system (RAS) activation and an increase in TNF-α in fat tissue or muscle. Recent studies have suggested that TNF-α mediates IR by suppressing insulin signal transduction; TNF-α induces enhancement of serine phosphorylation of IRS-1, resulting in inhibition of IRS-1 tyrosine phosphorylation by insulin. TNF-α is expressed in both adipose tissue and skeletal muscle, and many animal models of obesity and IR have been shown to have significantly higher TNF mRNA and protein levels than those in lean controls (9) . We recently reported that IR and hypertension in FFR are concomitant with an increase in TNF-α in skeletal muscle (10) . We have also reported that TNF-α significantly suppressed [
3 H]2-deoxyglucose (2-DOG) uptake by insulin and decreased IRS-1 tyrosine phosphorylation in L6 myotubes derived from rat skeletal muscle (17) . Also, a TNF-α converting enzyme inhibitor that inacivates TNF-α has been shown to improve IR in FFR (18) .
Several studies have shown the effects of ARBs on IR in insulin-resistant animal models (10, 19) . A possible mechanism by which ARBs ameliorate IR is the stimulation of 
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angiotensin type 2 (AT2) receptors and resultant increase in NO production. Olmesartan has been reported to prevent endothelin-1 induced hypertension and the formation of reactive oxygen species ( 20 ) . Recently, Folli et al . suggested that angiotensin II impairs insulin signaling via the angiotensin type 1 (AT1) receptor by stimulating serine phosphorylation of the insulin receptor b subunit, IRS-1, and the regulatory subunit of phosphatidil inositol 3 (PI3) kinase ( 21 ) . There has been some data indicating that angiotensin II increases TNF-α in many organs or cells other than skeletal muscle, such as cardiac fibroblasts ( 22 ) , monocytes ( 23 ) , and the kidneys ( 24 ) . We recently reported that IR and hypertension in FFR were concomitant with an increase in TNF-α in skeletal muscle and that an ARB decreased skeletal muscle TNF-α and improved IR in FFR ( 10 ). Okada et al . demonstrated that olmesartan improves insulin sensitivity and overproduction of triglyceride in FFR independently of its hypotensive action ( 25 ) . In our experiment, olmesartan decreased TNF-α and increased cAMP to almost the control levels. However, the precise mechanism of IR in FFR is still unknown, and our results cannot be explained by only angiotensin II blockade.
Further investigation of these mechanisms is needed. We demonstrated that olmesartan significantly increased cAMP and lowered skeletal muscle TNF-α . In fact, we showed that dBcAMP significantly decreased the secretion of TNF-α from the soleus muscle in SD rats. Also, lower levels of cAMP and higher levels of TNF-α were observed in FFR than in control rats. Meng et al . demonstrated that hypoxia decreases cellular cAMP levels and enhances macrophage secretion of TNF-α following LPS stimulation ( 26 ) . It has also been reported that exogenous administration of dBcAMP attenuates TNF-α production ( 26 ) , and that dBcAMP inhibits TNF-α production ( 27 , 28 ) . In the present ex vivo study we examined whether angiotensin II would decrease cAMP or increase TNF-α levels in the soleus muscles. Although TNF-α was increased after 2 to 4 h of incubation, cAMP was not detected either in the incubation medium containing angiotensin II or in that containing vehicle as a control. This was a limitation of our experiment, since cAMP was quickly degraded ( 29 ) , and unlike in the previous in vivo study, there was no supply of ATP in the present study. Therefore, we could not detect any cAMP in the medium after 2 to 4 h of incubation, and further experiments will thus be needed to investigate whether cAMP is produced by the soleus muscle in the presence of angiotensin II.
In a previous study, angiotensin II decreased the forskolininduced increase in cAMP in nonhypertrophic hearts of Dahl salt-sensitive rats ( 30 ) . Angiotensin II has also been found to inhibit stimulation of cAMP by isoproterenol in rat heart myocytes ( 31 ). Finally, angiotensin II has been shown to inhibit both adenylate cyclase and cAMP accumulation in hepatocytes ( 32 ), the rat aorta ( 33 ) , and the pituitary gland ( 34 ) . The results of these studies raise the possibility that the adenylate cyclase inhibitory guanine nucleotide regulatory protein (Gi) plays a role in mediating responses to angiotensin II ( 35 ) . In A10 cells, angiotensin II has been shown to decrease the level of cAMP by enhancing the expression of Gi α ( 36 ).
The fact that olmesartan increased cAMP and decreased TNF-α suggests that a part of TNF-α regulation by angiotensin II might consist of modulation of cAMP through Gi protein activation in FFR. Based on the results of these studies, we assume that one of the mechanisms by which IR is induced by angiotensin II is an increase in TNF-α via suppression of cAMP.
In conclusion, the results of this study suggest that TNF-α in skeletal muscle is linked to IR and that olmesartan, an ARB, may improve IR in FFR either by increasing cAMP or decreasing TNF-α . There was a significant negative correlation between levels of cAMP and TNF-α in the soleus muscle. Also, dBcAMP significantly decreased the production of TNF-α in skeletal muscle. These results suggest that olmesartan ameliorates IR in FFR by modulating cAMP and TNF-α in the skeletal muscle, and that one of the mechanisms by which angiotensin II regulates TNF-α might be modulation of cAMP.
